Introduction
Epigenetic regulation of gene expression has an essential impact on the growth and development of an organism [1] . This regulation occurs at many levels [1, 2] , of which methylation of cytosine at CpG dinucleotides is the most studied aspect of the phenomenon. It is estimated that approximately 20% of CpG's in the human genome are located inside so-called CpG islands [3] . A CpG island is a stretch of DNA with an overrepresentation of CpGs [4, 5] , spanning more than 200 bases with a G+C content accounting for at least 50%, and a ratio of observed versus statistically expected CpG frequencies of at least 0.6 [6] . Approximately 60% of human genes contain CpG islands in the promoter region [5] , but the majority of these islands are unmethylated in most tissues. These two factors impact on the regulatory function of the islands. Methylation of cytosine inside CpG islands has an inhibitory effect on transcriptional activity [4, 5, 7] , suggesting that regulation of DNA methylation has significant importance in organism homeostasis. Therefore, unsurprisingly, much effort has been made to better understand DNA methylation pattern formation and its changes during physiological and pathological processes.
Aberrant methylation contributes to the development of numerous diseases and pathological processes such as carcinogenesis and imprinting disorders [8] . For example, hypermethylation of tumor suppressor gene promoters is a well characterized early event in tumorigenesis [9, 10] ; however, loss of imprinting, as a cause of particular syndromes, represents loss of methylation on one of the parental alleles [8] . These two events are sufficient to highlight the importance of DNA methylation studies. In order to assess the methylation status of the gene of interest, numerous methods are available. These methods rely on two strategies: i) cleavage of DNA with methylation specific enzymes, and ii) bisulfite modification of genomic DNA (gDNA) [11, 12] . Our focus is on the latter one.
Methylation-specific PCR (MSP) is the most convenient method for studying the methylation status of promoter regions of individual genes [13] . Although the method is considered obsolete by some authors, its cost effectiveness, sensitivity and rapid deployment in the laboratory make MSP the method of choice in single gene methylation studies. MSP is based on prior bisulfite modification of the DNA sample. After the treatment, unmethylated cytosines are converted to uracils, while 5-methylcytosines remain unaltered; thus as result, DNA strands are no longer complementary to each other ( Figure 1 ). Further on, bisulfite modified DNA is subjected to PCR amplification using two primer pairs, of which one primer pair recognizes methylated, and another pair recognizes unmethylated alleles. As a result, well-optimized PCR reaction will provide detection of a single methylated allele among one thousand unmethylated ones. High sensitivity of the reaction enables potential application of MSP-based methods for diagnostic purposes [14, 15] . However, optimization of MSP reaction can be quite challenging, therefore, primer design is an absolutely essential step. There are numerous parameters that must be considered prior to and during the MSP primer design. Our aim is to provide researchers with a concise and easy to follow protocol for the MSP primer design.
Workflow and Databases
The whole process of MSP primer design can be divided into four steps: i) promoter sequence retrieval, ii) identifying the part of the promoter where the primers should be located, iii) selection of an appropriate software for primer design, and iv) selection of the primer pair with the best score according to in silico analysis ( Figure  2 ). There are a considerable number of publications and internet resources that describe the general rules and software for MSP primer design. However, little attention has been paid to the first step, i.e. searching for the promoter sequence. Although databases like ENSEMBL (http://www.ensembl.org/index.html) and NCBI (http:// www.ncbi.nlm.nih.gov/) contain information about gene and mRNA sequences, retrieval of the promoter sequence is not always simple and/or possible. On the Figure 1 . MSP is based on bisulfite modification of native DNA. Prior to the bisulfite treatment, DNA is denaturated. After denaturation, single stranded DNA is subject to the modification process. Methylated cytosines remain unaltered while unmethylated cytosines are converted to uracils. During PCR, uracils are replaced by thymines. As a consequence of bisulfite treatment, DNA strands are no longer complementary. CpG sites are denoted with bold font.
other hand, use of promoter prediction software is not recommended because of the ecessity for the exact promoter location. Fortunately, substantial development of technology during the last decade has improved promoter characterization on the genomic level. Consequently, reliable databases containing promoter sequences with good coverage are now available. To this end, we will discuss two databases: i) DBTSS (Database of Transcriptional Start Sites), and ii) EPD (Eukaryotic Promoter Database). The reason we are discussing these two particular databases is because we believe they are user-friendly and have excellent coverage. It is noteworthy that the primary intention of DBTSS and EPD is not to provide researchers with promoter sequences, but rather to facilitate functional studies.
DBTSS contains information about transcriptional start site (TSS) positions for 28 human and 4 mouse tissues/cell cultures [16] . Moreover, information about the TSS position for the same tissue in different conditions is provided (normoxia/hypoxia for example) as well. Clearly, the authors' intention was to make DBTSS a database that will provide a dynamic overview of transcriptional regulation. To create such a huge database, the authors used the so-called TSS-seq technique [17] . This technique is the combination of the oligo-capping method [18] followed by the use of an Illumina massively parallel sequencing platform.
Retrieval of the TSS position is straightforward. After selection of the species and cell/tissue type, one selects the gene of interest. Information about the precise gene chromosome position and annotation in Entrez and Ensemble databases, as well as the graphic presentation with information regarding the CpG island position and the presence of SNPs and the TSS position, is available. The user has an option to retrieve FASTA format of promoter sequence with the TSS position highlighted. The number of bases upstream and downstream of the TSS is selected by the user. The database is accessible at http://dbtss.hgc.jp/.
The EPD is the database founded more than 25 years ago [19] . During its long history, the database went through a significant number of changes. The most important change, however, is the way in which information about promoters is collected. Development of molecular biology methods had a great impact on the EPD organization. Instead of the time-consuming and tedious process of promoter sequence extraction from appropriate publications, methods for TSS identification on a genomic level are used. Today, the database contains, as stated by the authors, 25988 promoters for the human collection, 9773 promoters for the mouse collection, 11389 promoters for the D. melanogaster collection and 11719 promoters for the zebrafish collection. In order to get information about TSS, the user should select the gene as well as the appropriate species database. Users can also find references containing detailed explanation regarding database structure and organization, as well as the user manual and links to the other databases. It is important to emphasize that EPD takes into consideration only polymerase II binding sites. In addition, authors give the definition of the promoter as a TSS. Based on this, promoters are divided into Figure 2 . Four steps in the primer design presented as an algorithm. Promoter sequence retrieval is an essential step in the whole process. When the position of TSS is known then one should choose promoter region where primers will be located. A desirable sequence serves as a template for primer design with the help of appropriate software. As a result, several potential primer pairs are available to the user. In silico analysis helps us to choose the best one. However, the best primer pair does not have to perform well in the test tube. If this is the case, new primer pairs should be designed.
three classes: i) single TSS site, ii) multiple TSS sites, and iii) initiation region. The database website can be accessed at http://epd.vital-it.ch/.
It is important to highlight two facts regarding the presented databases: i) the detailed analysis of the database potential and performance are beyond the scope of the paper, and ii) position of the TSS for the same gene may vary between different databases. However, these differences are not significant and they do not affect later steps in the process.
Where should primers be located?
After the promoter sequence retrieval, the next logical step is to define the part of promoter where primers should be located. Although this step may seem trivial, it could affect the results of the experiment. Routinely, the primers are placed in the vicinity of the TSS. The rationale behind this is that methylation in the region around the TSS must have a profound effect on the gene transcription. This solution frequently works in laboratory practice. However, promoter regions essential for transcriptional activity can be very distant from the TSS. Thus, it is adviseable to search the literature data about the functional studies of the promoter of interest in order to find a sequence where methylation has biological meaning. Consequently, it is useful to know if there are sequences inside the CpG island to which transcription factors (TFs) bind. Methylation of Cs inside the CpG island can prevent binding of TFs to the promoter of the targeted gene, leading to decreased expression [20] . In this respect, interesting results were published by Zhu et al. [21] . These authors defined three so-called methylation "hot spots" in the ERβ gene promoter ON. "Hot spots" are located in the consensus sequences containing transcription factor binding sites. These findings [23] were successfully used by Bozovic et al [22] to design primers for ERβ methylation study ( Figure 3A ). During the process of primer design, researchers sometimes lose sight of the context in which the target gene is placed, which may provide misleading information regarding the promoter methylation status. An example is depicted in Figure 4 where high sequence identity between part of the PTEN gene promoter and PTENP1 pseudogene is displayed. Zysman and Bapat [23] showed that some previously published results regarding the PTEN gene methylation status in various cancer types were false positive. As a matter of fact, primers used in these studies were located in the region having a high level of homology with PTEN pseudogene (PTENP1). Indeed, Hesson and coworkers [24] confirmed the Zysman and Bapat conclusion. Additionally, they pointed out that assessment of PTEN methylation is further complicated by the fact that the PTEN CpG island is shared with KLLN gene. The results from these two publications suggest that carefully chosen primer sequences are a requirement for a successful methylation study. Furthermore, this example shows that primer design for methylation analysis of some genes is very demanding due to limitations imposed by the structural organization of the promoter and genome itself.
Based on the foregoing discussion, it is possible to draw a single conclusion that before primer placement, some strategic points have to be known. TSS is a strategic point which significantly influences the decision where primers should be located. As described above, DBTSS and EPD can provide information about the TSS position. Therefore, it is highly advisable to start the search for primer placement in the vicinity of the TSS. The region that spans 1000 bp upstream and up to 500 bp downstream from the TSS is a good starting point. However, the search for CpG islands may involve a considerably wider area (from -5 kb to +5 kb) [25] . Interestingly, methylation of the distal promoter region, but no core promoter, may play an important role in the target gene expression in some cases [26] [27] [28] . TF binding sites can also be strategic points that further specify the region where primers could be set. For example, four Sp1 transcription binding sites are located in the region close to the TSS of PADI2 gene [29] , thus primers should be located as close as possible to these sites ( Figure 3B ).
Strategic points are important because they indicate where primers should be located, but some other factors have to be considered as well before making the final decision. These factors determine "restrictive points", i.e., sequences where primers should not be located. For example, it is recommended to avoid sequences containing common SNPs [30] . Also, promoter regions having a high level of homology with other sequences in the genome should also be avoided.
Rules and software for primer design
There is an abundance of available free software for the MSP primer design on the internet (Table 1) . Before presentation of the appropriate software, rules for the MSP primer design will be listed and explained. The general rules for PCR primer design [31, 32] are applicable in this case, but some additional rules emerged as a consequence of the bisulfite treatment. Initially, when primer design for bisulfite modified DNA is considered, the following two conditions must be remembered: i) primers must discriminate between native and bisulfite modified DNA, and ii) primers must discriminate between methylated and unmethylated alleles. In order to meet these requirements, primers should contain: i) at least one CpG near its 3'end to discriminate between methylated and unmethylated sequence, and ii) non-CpG C's, the more the better, to favor amplification of the bisulfite modified sequence. Equally important, in order to assess methylation status of the gene, the primers for the methylated and unmethylated allele should contain the same CpGs in the sequence. This does not mean that the primers have to span the same stretch of DNA. On the contrary, it is preferred that the unmethylated primer is longer than the appropriate methylated counterpart. The bisulfite modified DNA contains long stretches of T's. Consequently, the unmethylated primer is AT rich and has low Tm. This can be compensated for by the longer sequence. In principle, MSP requires longer primers than standard PCR due to cytosines conversion. The optimal primer length for MSP ranges from 20 bp to 30 bp. Another consequence of the bisulfite treatment is fragmentation of the DNA sample. Accordingly, the resulting PCR product should not exceed 300 bp [33] .
It is preferable to design the primer pair in which Tm's differ no more than 5°C, because otherwise efficacy of the reaction could be decreased. It is important to note that estimated Tm values can vary significantly between various programs for the same primer pair ( Table  2 ). Calculation of Tm is mainly based on the nearest neighbour method (NN), taking into account not only relative content of cytosine and guanine, but also the sequence of the primer [34, 35] . The calculation of Tm by NN requires several thermodynamic parameters as an input. Differences among the calculated Tm values are mainly caused by using different thermodynamic tables [36] . Currently, there is no consensus about which thermodynamic table for calculation of Tm is the most accurate one. Description of other methods for primer Tm calculation can be found in [37, 38] .
From our point of view, listing the rules without providing adequate examples is not sufficient. Brandes and coworkers [39] showed that the role of ATM methylation is probably overestimated in breast and NSCLC samples. They found that results from previous publications were based on primers lacking specificity. Actually, the primers did not differentiate between native and bisulfite modified DNA due to the lack of non-CpG cytosines.
On this occasion, we will not debate the mathematical background of the programs or draw conclusions on the particular suitability of the program from these data. The approach we offer is not complex, yet it is equally successful and justifiable. It is based on the frequency of appearance in scientific publications, interface simplicity, and free access. According to these criteria, three programs will be reviewed: Methprimer, Methylprimer express, and BiSearch.
Methprimer is a web-based program freely accessible at http://www.urogene.org/cgi-bin/methprimer/ methprimer.cgi. Besides MSP, there is an option for bisulfite sequencing PCR (BSP) primer design. A special benefit is that any format of DNA sequence is allowed for input. The user should provide the gDNA sequence because the software performs transformation of the sequence into the bisulfite modified one. The program offers numerous options regarding primer features and their location inside the input sequence (Table 3) . The results are given in the form of graphic presentation and sequence alignment. However, Methprimer is not without drawbacks. For example, Tm overestimation of AT rich primers has been reported [39] . There is also the principal objection that the algorithm behind Methprimer is only a modification of the Primer 3 software [40] . More information regarding the program can be found in [33] .
Methylprimer express is a software solution for the MSP primer design developed by Applied Biosystems. The program is now available by request from local Applied Biosystems office. Methylprimer express can be used for MSP and BSP primer searches. Defining the TSS base or origin of translation inside the input sequence is the logical option. If the user decides to use this option, then the primers will be located as close as possible to the marked base. The user can adjust primer characteristics, as well as the CpG island search. Output results are displayed in graphic form and as base sequences. Below the resulting primer sequences Tm value, the number of CpG's and non-CpG cytosines are displayed. Also, the region where primer modification is possible is indicated. However, there are several shortcomings that should be mentioned: Tm overestimation, and sometimes unmethylated primers are not long enough and have low Tm values.
BiSearch is a web-based tool freely accessible at http://bisearch.enzim.hu/. In contrast to the previous programs, BiSearch has the ability to carry out a similarity search with designed primers on selected native or even bisulfite modified genomes [40] . This option is intended for checking primers for specificity. A further advantage of BiSearch is the very fast server [41] . The software proposes only significantly different primer pairs, which enables setting up alternative PCR programs for the same sample [40] . An interesting option might be to choose which strand, plus or minus, will be template for the MSP primer design. The user should provide native (not bisulfite modified) DNA sequence in plain text format.
A practical consideration would be how to set the parameter values in order to obtain reliable primers for the methylation study. The optimal choice would eliminate the main drawback of the method: the possibility that obtained results are false positives [30] . False positive results are the consequence of incomplete bisulfite modification, or low ability of the methylated primer pair to differentiate between methylated and unmethylated alleles. In order to prevent amplification of unconverted DNA, at least one primer should contain several non-CpG cytosines located close to the 3'-end [42] . Mismatches at the 5'-end cannot guarantee primer specificity. Also, a low annealing temperature would stabilize binding of mismatched primers in 30 the PCR reaction [43] . In order to investigate, in silico test was performed. Five promoter sequences (region 1000 bp upstream and 200 bp downstream from TSS for following genes: p14, p16, DAPK, MGMT, RASSF1A) were extracted using DBTSS, and were used as the templates for primer design. Initially, default settings of the programs described above were used. These results showed that: i) some primers designed by Methprimer have low ability to differentiate between methylated and unmethylated alleles ( Figure 5A ), which is in line with the study done by Brandes et al. [39] , ii) BiSearch designed primers should be used only in the case of p14 and MGMT, and iii) primers provided by Methylprimer express have short sequences (18-22 nt) . Therefore, it is not suprising that primer pairs specific for unmethylated alleles have low Tm. For example, the predicted Tm of the MGMT unmethylated forward primer is only 49.89°C (data not shown). Based on the foregoing discussion, it is not the best option to use default settings (Table 3) for primer design, regardless of the program. promoter methylation status using Methprimer default settings. The forward primer contains a single CpG and four non-CpG Cs. A single C even at the very 3'-end cannot guarantee primer specificity, i.e., the forward primer has low ability to discriminate between methylated and unmethylated alleles. Four non-CpGs are poorly positioned within the sequence. None of them are positioned at 3'-end. The reverse primer has two CpGs and non-CpG cytosines are positioned well. However, 3 CpG (forward + reverse) are insufficient for reliable assessment of the promoter methylation status. B. MSP primer pair design by Methylprimer express using custom settings. Promoter sequence of RASSF1A gene served as a template for the primer design. C. Methylated primer pair designed by BiSearch using p16 promoter sequence as a template. Reverse primer does not have any non-CpG cytosines, while forward primer contains only two. This primer pair would be prone to false positive results. Thymines denoted with lower case in the primer sequences mark position of non-CpG cytosines in the native DNA.
However, Methprimer and Methylprimer express ( Figure 5B ) gave satisfactory results when the primer search is properly customised. It turned out that BiSearch had difficulties designing specific primers in some cases ( Figure 5C ). Interestingly, BiSearch does not have an option to set the number of non-CpG cytosines. Also, there are no options regarding CpG island searches.
For designing specific primers, some principal recommendations should be followed. It is advisable to set the number of CpGs from two to four per primer, and the more CpGs located at the very 3'-end of the primer used, the better. On the other hand, the number of non-CpGs cytosines should be set to four or more, but it is better that these cytosines are located as close as possible to the 3'-end of primer. Tm should be set between 60°C and 70°C, but this is not a strict criteria. According to our laboratory findings, the best results are achieved by using primer pairs which give < 150 bp amplicons. This may stem from the use of formalin fixed paraffin embedded samples in our studies. However, there is a potential advantage to design primer pairs resulting in amplicons not greater than 150 bp. Such primers could be used in the quantitative assessment of methylation status if an appropriate probe is designed. Researchers are encouraged to test several combinations of parameters, and to compare given primers according to the aforementioned criteria.
In silico analysis of the primers suitability
In most cases, the software used for primer design does not provide much information about primer hairpin structures, primer-dimer formation and 3'-end primer stability. These parameters significantly influence PCR efficacy and yield [31, 44] . Formation of primer-dimers and hairpin structures does not impact effective primer concentration, but decreases amplification efficiency, as well. On the other hand, 3'-end primer stability affects its priming specificity [45] . Stable 3'-end priming is desirable to a certain extent; overly stable 3'-end causes non-specific amplification.
Hairpin structures are formed because of the primer self-complementarity. In principle, 3'-end hairpin structures have a more substantial effect on PCR amplification [45] . Actually, Taq polymerase may extend the primer at its 3'-end using the primer 5'-end as a template. Consequently, the structure is stabilized and production of non-specific products is favored. In the study dealing with hairpin structures' effect on PCR, Singh et al. reported that the stem length of four or more nucleotide hairpins significantly influenced amplification efficiency [44] .
Primer-dimers are formed by intermolecular interactions between two of the same primers (self-dimers), or a sense and antisense primer within complementary sequences (cross-dimers). Primer-dimers formed as a consequence of 3'-ends complementarity have a more striking effect than internal primer-dimers. During PCR, Taq polymerase carries out extension of 3'-ends of the complementary primers, and a primer-dimer is formed. Thus, competition between primer-dimer and template sequence is established. The consequence is poor amplification.
In order to minimize primer secondary structure formation, the following should be avoided: sequence homology between primers, palindrome sequences, and runs of three or more G's or C's at the primer 3'-end [46] .
The degree of stability of these structures is described by dG. dG stands for the Gibbs free energy, a measurement which can be defined as the amount of work that can be extracted from a process operating at a constant pressure. Simply stated, it is a measure of the spontaneity of the reaction. If dG < 0, the reaction is favorable and vice versa. Information about acceptable dG values for hairpin structures, primer dimers, and 3'-end primer stability can be found at http://www. premierbiosoft.com/tech_notes/. It is important to note that the software calculates dG at 25°C or 37°C in the default settings. Stability of the secondary structure that could be produced during PCR is not relevant at these temperatures. Thus, it is recommended to enter the annealing temperature.
In silico analysis of the primers' suitability involves the use of appropriate software that predicts primer pair behaviour in the test tube. In this way, it is more likely to recognize and discard the primer pair based on its potentially insufficient specificity, or stable hairpin structures. The process could be divided into two steps: i) calculation and prediction of primer thermodymamic characteristics, and ii) checking primer pair specificity by performing a similarity search using an appropriate genome. There are many web-based tools suitable for the primer analysis. Some applications and programs that could help estimating potential formation and stability of hairpin and primer-dimer structures are shown in Table 4 .
General features of tools for in silico analysis of the primers' suitability will be described using the example of NetPrimer (http://www.premierbiosoft.com/). It is a web-based application routinely used in our laboratory for checking primer properties. The program allows the user to set values for nucleic acid concentration, ion concentrations (Na + , Mg 2+ ) and temperatures that will be used in calculations. NetPrimer displays information such as: secondary structures stability, Tm value, stability of primer 5' and 3'-ends, and primer molecular weight, etc. In order to estimate primer efficiency, NetPrimer calculates its rating. This calculation is based on self-dimer and hairpin stability according to the following formula: Rating = 100 + (dG (Self-Dimer) x 1.8 + dG (Hairpin) x 1.4).
Therefore, if dG (Self-Dimer) = dG (Hairpin) = 0, then the primer rating is 100. During the rating calculation, the software takes into consideration the most stable structures.
A good practice would be to "calibrate" NetPrimer and other similar applications. In other words, a researcher is advised to check for primer pairs which are known for providing good results (experimentaly verified), for secondary structure and the 3'-end stability. The rationale behind this is that the software does not include all variables that affect PCR outcome. For example, there is no an option to set the concentration of additives that could be used in the PCR mix. Also, there are differences regarding prediction of potential secondary structures formation among the various software options. Consequently, dG values calculated by NetPrimer could be greater than the proposed values, but this does not mean that the examined primer pair will have poor performances in vitro.
Tools such as NetPrimer do not provide any information about priming specificity. In order to check if a primer pair binds only to the region of interest, it is adviseable to do a similarity search on bisulfite-modified genome using BiSearch ( Figure 6 ). This option is known as ePCR (electronic PCR). There are three options: i) similarity search on native genome, ii) similarity search on bisulfite-modified unmethylated genome, and iii) similarity search on bisulfite-modified methylated genome. Users can choose between the following genomes: Homo sapiens, Mus musculus, Rattus norvegicus and Pan troglodytes. It should be noted that the default settings allow for displaying unspecific primer binding only if a mismatch is at 5'-end. This makes sense considering the significance of primer 3'-end for PCR specificity. However, it is recommended that the software be adjusted to accept sequences as 'similar' if a mismatch is at their 3'-end. A single mismatch even at the very 3'-end cannot guarantee specificity of the reaction [47] [48] [49] .
The whole process of the primer design is summarized and demonstrated with an example depicted in Figure 7 .
Conclusion
Theoretically, PCR is sensitive enough to amplify one molecule in a test tube and robust enough to produce a sufficient quantity of material for downstream analysis. In order to get closer to this theoretical reaction, proper primer design is an essential step. Poor primer design could result in misinterpretation of the methylation status in the various pathological states. Regarding the potential diagnostic application of MSP, false positive results are not an option. The purpose of this manuscript is to delineate a simple workflow for MSP primer design. Furthermore, we sought to point out the critical steps and possible mistakes during the process. . In order to retrieve RASSF1A promoter sequence, DBTSS was used. RASSF1A ID was entered in the appropriate field which allowed access to information about RASSF1A promoter (see the main text). Using the default setting, DBTSS displays promoter sequence 1000 bp upstream and 200 bp downstream from TSS. This option was selected. Obtained sequence was copied and pasted in the appropriate field of Methprimer. Methprimer option was configured as the program screenshot display. The resulting primer pairs were analysed by NetPrimer. The best primer pair specific for methylated allele is shown in the Figure. 
